Sarcoplasmic reticulum (SR) membranes purified from young adult (4-6 months) and aged (26-28 months) Fischer 344 male rat skeletal muscle were compared with respect to the functional and structural properties of the Ca-ATPase and its associated lipids. While we find no age-related alterations in (1) expression levels of Ca-ATPase protein, and (2) calcium transport and ATPase activities, the Ca-ATPase isolated from aged muscle exhibits more rapid inactivation during mild (37°C) heat treatment relative to that from young muscle. Saturation-transfer EPR measurements of maleimide spin-labeled Ca-ATPase and parallel measurements of fatty acyl chain dynamics demonstrate that, accompanying heat inactivation, the Ca-ATPase from aged skeletal muscle more readily undergoes self-association to form inactive oligomeric species without initial age-related differences in association state of the protein. Neither age nor heat inactivation results in differences in acyl chain dynamics of the bilayer including those lipids at the lipid-protein interface. Initial rates of tryptic digestion associated with the Ca-ATPase in SR isolated from aged muscle are 16( + 2)% higher relative to that from young muscle, indicating more solvent exposure of a portion of the cytoplasmic domain. During heat inactivation these structural differences are amplified as a result of immediate and rapid further unfolding of the Ca-ATPase isolated from aged muscle relative to the delayed unfolding of the Ca-ATPase isolated from young muscle. Thus age-related alterations in the solvent exposure of cytoplasmic peptides of the Ca-ATPase are likely to be critical to the loss of conformational and functional stability. © 1997 Elsevier Science B.V.
Introduction
Abbreviations: CI2E9, polyoxyethylene 9-1auryl ether; EPR, electron paramagnetic resonance; MOPS, 3-(N-morpholino) propane-sulfonic acid; SASL, stearic acid spin label; SDS, sodium dodecylsulfate; SDS-PAGE, sodium dodecylsulfate potyacrylamide gel electrophoresis; SR, sarcoplasmic reticulum; ST-EPR, saturation-transfer electron paramagnetic resonancegral membrane protein, the Ca-ATPase. Changes in the SR have been observed in muscle from aged animals; microscopic analysis of muscle sections find decreased surface area of the SR and in chemically skinned fibers, diminished SR volume is observed [1, 2] . In isolated SR vesicles, both age-related decreases in calcium transport rates and capacities have been reported, as well as decreased functional stability of the Ca-ATPase when subjected to mild heating [31. Motivated by these observations, we have used SR vesicles isolated from skeletal muscle of the defined model of mammalian aging, the Fischer 344 rat, to investigate changes in both the function and structure of the SR Ca-ATPase. Our previous work has demonstrated that despite a number of age-related alterations in membrane composition, i.e., phospholipid molecular species, degree of fatty acyl chain unsaturation, and cholesterol content, the physical properties of the bilayer which are critical for CaATPase function remain unchanged [4] . Thus age-related functional changes of the Ca-ATPase most likely result from structural changes of the protein rather than of the SR lipid. In the present study, a thorough characterization reveals virtually no alterations in functional properties of the Ca-ATPase in native SR membranes under optimal assay conditions; however, this protein exhibits a decreased heat stability associated with age. In aged muscle, we find evidence for an altered tertiary structure of the CaATPase from its increased rates of tryptic digestion. At the same time measurements of protein rotational diffusion within the bilayer demonstrate a greater propensity of the Ca-ATPase for irreversible self-association as a result of mild heating.
Materials and methods

Isolation of SR
Native SR vesicles were prepared as described previously [5] with minor modifications [6] . For each preparation, SR membranes were isolated from the hindlimb muscles of equal numbers (2-3 animals per preparation) of young adult (4-6 months, 359 _+ 4 g) and aged (26-28 months, 384_+ 12g) male Fischer strain 344 rats obtained from the National Institute of Aging maintained rat colony (Harlan Sprague Dawley, Indianapolis). SR vesicles were suspended in a medium consisting 0.3 M sucrose and 20mM MOPS (pH 7.0) and stored at -70°C. Protein concentration was determined using a modified Biuret assay in which 2% Sterox detergent (Bacharach, Pittsburgh, PA) was included to reduce light scattering [7] . Bovine serum albumin was used as the standard. All subsequent analysis were performed using SR membranes from young and aged animals, which were isolated on the same day in order to eliminate variability due to preparation differences.
Electron microscopy
Native SR vesicles (1.0mg/ml) were negatively stained with 2% ammonium molybdate (pH 7.3), following the floatation method of Valentine [8] . Specimens were examined using a Joel 1200 Exll transmission electron microscope. Vesicle size was determined from enlarged micrographs with an original magnification of 15,000 times.
Calcium-dependent ATPase activity
Calcium-dependent ATPase activity was measured at 25°C by colorimetric determination of inorganic phosphate released from vesicles made leaky to calcium by the addition of the calcium ionophore, A23187 [9] . The reaction medium contained 100 mM KC1, 5mM MgC12, 41xM A23187, 25mM MOPS (pH 7.0), 0.05 mg/ml SR protein, and either 0.1 mM CaC12 or 1 mM EGTA. The reaction was started by addition of 5 mM ATP and from multiple (four) time points, the initial rate of inorganic phosphate release was used to calculate activity. Activity assayed in the presence of EGTA (basal activity) was subtracted from that assayed in the presence of CaC12 (total ATPase activity) in order to obtain calcium-dependent ATPase activity. Ionophore stimulation was determined from the ratio of calcium dependent ATPase activities in the presence and absence of the calcium ionophore, A23187.
Calcium activation measurements
For measurements of ATPase activity at different calcium concentrations, EGTA buffered solutions were used. The assay medium was the same as previously described for calcium-dependent ATPase activity with the exception that the EGTA concentration was 0.1 mM with the inclusion of sufficient CaC12 to provide the desired free calcium concentrations. Free calcium concentrations were calculated from total calcium and EGTA concentrations taking into account pH, Mg 2+, and nucleotide concentrations [10] . Data was fit to a model for binding to two ligand (calcium) binding sites that explicitly considers the relative affinities and cooperative interactions between the individual ligand binding sites [11] :
where the macroscopic equilibrium constant KI corresponds to the sum of the intrinsic equilibrium constants (k~ and k 2) associated with calcium binding to the two binding sites on the Ca-ATPase [12] . K 2 represents the equilibrium constant for binding calcium to both binding sites (k~kzk~2), and accounts for any positive or negative cooperativity. Cooperativity may be estimated by assuming that the binding sites have equal intrinsic affinities (Kj = k I + k 2 = 2K). Thus the lower limit value of cooperativity (K~.) is given by
Calcium transport measurements
Calcium uptake was determined by monitoring the time-dependent sequestration of [45Ca] into SR vesicles (0.025mgml) in a reaction mixture containing 0.1M KC1, 5mM MgCI2, 5mM oxalate, 25mM MOPS (pH 7.0), 0.05 mM CaC12 (including 5 p, Ci of [45Ca] and 5 mM ATP) [5] . Transported calcium was measured at multiple time points during the reaction by sequentially filtering aliquots of the reaction medium through a 0.45 Ixm filter and measuring the [45Ca] remaining in the filtrate by scintillation counting. Both initial rates and maximal levels of calcium uptake were calculated from the time dependence of [45Ca] in the filtrate subtracted from total [45Ca].
Phosphoenzyme formation
Steady-state levels of the phosphorylated enzyme intermediate formed from ",/-[32p]-ATP were measured [13] . Phosphorylation was carried out in a reaction mixture containing 80mM KC1, 5mM MgC12, 1 mM EGTA, 20mM MOPS (pH 7.0), and 0.5 mg/ml protein in the presence and absence of 0.9 mM CaCI,. The reaction was started by addition of 0.1 mM 3,-i32p]-ATP (Dupont, N. Billerica, MA) and, after 20 s at 0°C, quenched with 7% trichloroacetic acid (w/v) and 4 mM NaH2PO 4. The quenched protein was washed four times by repeated centrifugations and resuspensions in 3.5% trichloroacetic acid and 2mM NaH2PO 4. The final precipitant was dissolved in 2% SDS, 0.1 N NaOH, 2% NazCO 3, and 5 mM Nail 2 PO 4. Aliquots were taken from this solution for protein determination [14] and liquid scintillation counting. The calcium-dependent phosphoenzyme intermediate was determined from the difference between values derived from measurements in the presence and absence of CaCI~.
Phospholipid content
The concentration of phospholipids was measured by assaying inorganic phosphate after ashing and comparing the resulting phospholipid concentration to protein concentration [15] .
Polyacrvlamide gel electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 7.5% gels, according to the method of Weber-Osborne [16] . Gels were stained for protein with Coomassie blue. The relative abundance of the Ca-ATPase was determined from densitometry of Coomassie bluestained polyacrylamide gels of SR (Scan Jet Ilp, Hewlett-Packard), calculating the percent of the protein band migrating with an apparent molecular weight of 95kDa relative to all SR proteins present in the samples.
Heat inactA, ation
Heat stability of vesicular and micellar SR preparations was determined by monitoring Ca-ATPase activity during incubation of samples at 37°C. The incubation medium contained 5 mM MgC12, 0.4mM CaC12, 20mM MOPS (pH 7.0), and 1.0mg/ml pro-tein. For micellar preparations, 1% polyoxyethylene-9-1auryl ether (C12E 9) (Sigma) was included in the incubation medium. For experiments requiring inhibition of proteolysis, the incubation medium included the protease inhibitors aprotinin (76.8nM), phenylmethylsulfonyl fluoride (0.23mM), pepstatin A (0.7txM), leupeptin (1.11xM), and benzamidine (0.83 mM). For experiments where parallel measurements of Ca-ATPase activity and proteolytic digestion with trypsin were made during heating, the incubation medium contained 5 mM MgC12, 0.4 mM CaC12, 50mM ammonium carbonate (pH 7.2), and SR protein (4 mg/ml).
Digestion with trypsin
SR protein (5 mg/ml) was incubated at 30°C in a reaction medium containing 50mM NH4CO 3 (pH 7.0), 0.1 mM CaC12 and 1 mM DTT. The digestion was initiated by the addition of trypsin at a ratio of 1 mg of SR protein to 0.02mg trypsin (SR:trypsin (wt/wt) 50: 1). At various times after the initiation of the digestion reaction, aliquots were withdrawn and the non-soluble protein was precipitated with trichloroacetic acid (10% (w/v) final concentration), then pelleted by centrifugation (39,000×g) for 15min. Trichloroacetic acid-soluble peptides were measured from the supernatant with the Lowry protein assay [14] or the more sensitive fluorescamine reaction with free amines [17] . Fluorescence intensity was determined using a Perkin-Elmer spectrofluorometer (Aex = 390 nm, /~em = 475 rim). The amount of free amine was calculated from a standard curve using glycine as a standard (1-50 txg).
Spin labeling
Hydrocarbon chain mobility was measured with the fatty acid spin label, a 5-oxyl-4',4'-dimethyloxazolidine derivative of steafic acid (Aldrich), designated as 5-or 12-stearic acid spin label (5-or 12-SASL), using conventional EPR techniques. The spin label was diluted from a stock solution in dimethylformamide into ethanol before adding to SR at a ratio of less than one spin label per 200 phospholipids, with the final ethanol concentration < 1%. To measure overall rotational motion of the Ca-ATPase protein, the Ca-ATPase was specifically labeled with a short chain maleimide spin label, N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl) maleimide (Aldrich) as described previously, permitting a direct measurement of the overall rotational mobility of the Ca-ATPase through the use of saturation-transfer EPR (ST-EPR) [18] .
EPR spectroscopy
EPR spectra were obtained using either a Varian E-109 or Bruker ESP300E spectrometer. Submicrosecond rotational motion of spin labels was detected by conventional EPR (first harmonic absorption in-phase, designated V l) using 100kHz field modulation (with peak-to-peak amplitude of 2 G) and a microwave field amplitude of 0.1G. Submillisecond rotational motion of the maleimide spin-label bound to the Ca-ATPase was detected by saturationtransfer EPR (ST-EPR) (second harmonic absorption out-of-phase, designated V£; reviewed by Thomas [19] ) using 50kHz field modulation (with a modulation amplitude of 5 G) and a microwave field intensity of 0.25 G. All EPR samples were suspended in 0.3 M sucrose and 20mM MOPS (pH 7.0).
Spectral analysis
The effective rotational correlation times for maleimide spin-labeled Ca-ATPase were determined from ST-EPR spectra using a plot of line shapes versus correlation time based on reference spectra of known correlation time obtained from isotropically tumbling spin-labeled hemoglobin in aqueous glycerol solutions. The relationship between the observed line shape and intensity parameters for this instrument were virtually identical to those previously published [20] .
Statistical analysis
Analyses of data of Table 1 were performed using SR isolated in parallel preparations from young and aged animals testing for statistical significance using a paired t-test, with the level of significance set at p < 0.05. Data are reported as mean + SEM for all groups. For electron micrographs, the size distribution of vesicles isolated from young and aged animals were evaluated using the Kolmogorov-Smirnov D- Calcium-dependent ATPase activity was assayed at 25°C in a medium of 100mM KCI, 5 mM MgC12, 0.1 mM CaCI2, 4 txM A23187, 5 mM ATP, 25 mM MOPS (pH 7.0), and 0.05 mg/ml SR protein.
f Calcium-independent ATPase activity was assayed as in e, but using 1 mM EGTA instead of CaCI 2. g Ratio of Ca-ATPase activity assayed in the presence and absence of 4 ~M A23187. h Ratio of calcium transported per ATP hydrolyzed determined from ratios of calcium uptake and calcium-dependent ATP hydrolysis activities where ATPase activity is assayed in the presence of oxalate and otherwise identical conditions as for uptake activity. statistic, with the level of significance set at p < 0.05 [21] .
Results
Unaltered membrane ultrastructure and CaATPase expression
SR membranes were purified from the hindlimb skeletal muscles of young adult (4-6 months) and aged (26-28 months) Fischer 344 strain rats. Electron microscopy of negatively stained vesicles was used to evaluate intactness and size of these vesicles. The micrographs demonstrate no gross ultrastructural changes in the isolated SR as a result of age ( Fig.  I(A) ). The diameters of 210 SR vesicles isolated from either young or aged muscle were measured. The mean diameter (150.8 + 3.8nm for young and 151.8 + 3.4nm for aged) and size distribution were found to be virtually identical for preparations of SR isolated from young and aged skeletal muscle ( Fig.   I(B) ). This number of measurements allows detection of at least a 15% difference between the two groups at the 95% confidence level [21] . Dynamic light scattering measurements of these vesicular populations gave comparable results indicating that the size distribution of SR vesicles is not different (data not shown).
Results from the assays of a number of functional and structural properties were compared by paired t-tests between SR isolated from young and aged animals in parallel preparations (Table 1) . Analysis by paired t-test has the advantage of grouping animals which have been exposed to similar environmental conditions (especially, e.g., shipping during different times of the year) which might contribute to variation in preparations. Data was collected for most assays from a total of 48 individual animals, consisting of 11 paired preparations each from young and aged animals. Mean differences between paired comparisons of membranes from young and aged animals are reported, along with the mean values of each assay for SR isolated from young animals. In agree- ment with our previous study characterizing age-related lipid alterations in the SR from a limited number of Fischer 344 rats, we find (i) no significant change in the relative ratio of phospholipids to protein, but (ii) a significant age-related increase (13%) in cholesterol content [4] . Although preparations from aged tissue exhibit a lower yield (11%) of total isolated protein, the relative abundance of the predominant protein, the SR Ca-ATPase, is identical for preparations isolated from young and aged tissue as evidenced by gel densitometry (Table 1) . Neither age-related variation in the migration pattern of the Ca-ATPase nor changes in abundance of other SR proteins were observed from SDS polyacrylamide gels. Immunoblots of these gels (not shown) indicate that 8-9% of the Ca-ATPase consists of the slow twitch (SERCA2a) isoform with the remainder consisting of fast twitch (SERCA1) isoform. This isoform composition reflects the fiber type composition of the hind limb muscles [22] and is unaltered by age. In addition, the total amount of functional Ca-ATPase was measured in these SR preparations from steadystate levels of phosphorylated enzyme intermediate (E-P) formed by reaction with ~-[32P]-ATP. The resulting E-P values are virtually identical in SR isolated from parallel preparations of young adult and aged animals ( Table 1) .
A.
B.
Functional properties of the Ca-ATPase
Membrane preparations from both young and aged skeletal muscle are enzymatically active and display nearly identical calcium-dependent ATPase activities and calcium transport rates ( Table 1 ). The extent of ionophore stimulation of calcium-dependent ATPase activity indicates that the SR vesicles isolated from both young adult and aged muscle are tightly sealed. Transport efficiency, measured from the ratios of steady-state calcium uptake and ATPase activities occurred with identical stoichiometric coupling ratios (1.2: 1) for SR from both young and aged skeletal muscle. Although less than the ideal coupling ratio of 2:1 measured by transient kinetics, this ratio which is sensitive to specific ligand conditions, has been shown to decrease to much lower values in the steady state [23] .
Since calcium-dependent ATPase activity is routinely assayed under saturating calcium concentrations, we also measured the calcium concentration dependence of ATPase activity in order to examine possible differences under more physiological calcium concentrations (Fig. 2) . The calcium dependences of the ATPase activity of SR from young and aged skeletal muscle are virtually identical. Fitting the data to a model that explicitly considers the relative affinities and cooperative interactions between individual ligand binding sites results in superimposable curves demonstrating that there are no age-associated differences in calcium activation and cooperativity.
Loss of heat stability of the Ca-ATPase
While the initial calcium-dependent ATPase activities of the Ca-ATPase isolated from young and aged muscle are virtually identical, SR isolated from aged muscle is more rapidly inactivated when subjected to elevated temperatures as shown by the time-dependent inactivation observed after prolonged heating at 37°C; activity was subsequently assayed at 25°C (Fig.  3) . SR isolated from young muscle exhibits an initial lag time (ca. 2 h), during which the SR is resistant to heat inactivation. Subsequent rapid inactivation occurs with rates that are indistinguishable from the single rapid inactivation rate occurring over the entire time course of heating for SR from aged muscle.
Rates of heat-induced inactivation of calcium-independent (basal) ATPase activity are identical for both age groups (data not shown). Proteolysis is minimal during heat inactivation as evidenced by polyacrylamide gels, in which the Ca-ATPase protein band (which migrates with an apparent mass of 95 kDa) remains essentially intact throughout 6 h of heat incubation, during which time significant inactivation has occurred (Fig. 4) . After 10h of incubation at 37°C some loss of Ca-ATPase protein is observed and is accompanied by the accumulation of lower molecular weight proteolytic fragments. Addition of protease inhibitors prevents proteolysis, but does not alter inactivation rates (data not shown).
The role that the intact membrane plays in the stability of the Ca-ATPase is shown by the experiment in Fig. 5 in which vesicles were solubilized with the nonionic detergent, C12E9 . This detergent has been previously shown to support normal enzyme turnover of the SR Ca-ATPase in rabbit fast-twitch skeletal muscle [24] . Similarly, in the case of SR membranes isolated from rat hindlimb skeletal muscle C 12E9 solubilization does not inhibit Ca-ATPase activity initially, but dramatically reduces its stability; complete loss of activity occurs within four hours of incubation at 37°C. Rates for this rapid inactivation from preparations derived from young and aged muscle are indistinguishable; the presence of protease inhibitors had no effect on inactivation rates (Fig. 5) . Similar results were observed with another nonionic detergent, Triton X-100 (data not shown). These results suggest the possibility that in native SR membranes alterations in lipid-protein or protein-protein interactions, which are primary forces responsible for stabilizing membrane protein structure and activity, may be responsible for the age-related loss of CaATPase stability upon prolonged heating. scale alterations in bilayer thickness. The concomitant mismatch of lipids with the hydrophobic transmembrane surface of the Ca-ATPase has previously been shown to both inhibit activity and increase self-association of the Ca-ATPase [25, 26] . Alternatively, lipid-protein mismatch might result from conformational changes of the protein.
SR lipid fatty acyl chain dynamics
As a means to assess the physical properties of the SR lipid bilayer, fatty acyl chain mobility was monitored using stearic acid spin labels with reporter groups positioned either near the surface (5-SASL) or within the interior (12-SASL) of the bilayer. The spectra of these spin labels in SR membranes display well-resolved extrema, characteristic of anisotropic motion (Fig. 6 ). These spectra contain contributions from two motional lipid populations, one consisting of lipids which are freely mobile in the bilayer (bulk lipids); the other consisting of a less mobile population of lipids intimately associated with the CaATPase protein (annular or boundary lipids) [27] . Therefore, digital subtractions were used as a means to detect any residual spectral shapes indicative of changes in the distribution of bulk or boundary lipids as a result of age or incubation at 37°C. Spectra obtained from heat incubated samples digitally subtracted from those obtained from control samples do not result in a line-shape characteristic of either rapid or slow motion, but rather small and randomly distributed residuals. Thus we find no evidence for alterations in the distribution or mobility of either bulk or boundary lipids as a result of either age or incubation at 37°C. Thus native lipid-protein interactions are maintained with age or heat incubation.
Ca-ATPase protein dynamics
In order to investigate the possibility that critical elements involving macromolecular interactions in the native SR membrane are modified in an age-dependent manner, spin-label EPR was used to assess Ca-ATPase rotational dynamics in native SR membranes derived from young and aged tissue. The Ca-ATPase was covalently labeled with a maleimide spin label (MSL). The sites of MSL modification have not been identified, but most likely correspond to cysteines 344 and 364, residues that are highly reactive to N-ethyl maleimide [28] . Using labeling conditions previously described [18] , approximately 9nmol of spin label per mg SR (i.e., 1.6mol MSL/mol Ca-ATPase) are bound to the ATPase; these probes are rigidly bound as evidenced by the relatively small population (3-4% of the covalently bound spin labels) of weakly immobilized spin labels (i.e., those probes undergoing nanosecond rotational motion) (Fig. 7) . Bound spin labels that are immobi- Fig. 7 . EPR spectra of maleimide spin-labeled Ca-ATPase in SR isolated from young and aged skeletal muscle. Spectra were measured at 4°C, before (solid line) and after (dashed line) incubation at 37°C for 6.5 h. The V~ spectra using conventional EPR analysis for Ca-ATPase from aged (A,B) and young (D,E) skeletal muscle demonstrate no difference as a result of heating. The V" spectra using ST-EPR of Ca-ATPase from aged (C) and young (F) skeletal muscle exhibit increased spectral intensity as a result of heating, indicative of decreased protein rotational motion. Apparent rotational correlation times calculated from ST-EPR low-field line shapes of these spectra were 90 I~S for both young and aged SR before, and 108 and 1311~s for young and aged SR, respectively, after heat incubation. All spectral samples contained 10rag SR protein/ml in 0.3M sucrose and 20mM MOPS (pH 7.0). Spectra were recorded with a 200Gauss scan range.
lized on the conventional EPR time-scale permit the measurement of the hydrodynamic properties of the Ca-ATPase using ST-EPR. The spectral contribution from weakly immobilized (~-r < 10-8 s) probes, observable as the second peak in the low-field region of the conventional EPR spectrum, does not change as a result of age or 37°C incubation. In addition, no changes were observed in the low-field line width, a measure of moderately slow (10 -8 s < T r ~ 10 -6 s) or highly restricted (order parameter > 0.8) motions [29] . Therefore any changes in protein motions detected by ST-EPR are due to changes in slower (microsecond) rotational motion, which provides direct measurement of the hydrodynamic properties of the Ca-ATPase.
Both the line-shape and intensity of the ST-EPR spectrum reflect the protein's motion. In particular, rotational motion serves as a relaxation mechanism, selectively reducing spectral intensity in diagnostic regions of the spectra. Measurements of the rotational dynamics of the Ca-ATPase from SR membranes purified from young and aged skeletal muscle show no initial age-related differences in line-shape or intensity of the ST-EPR spectra (Fig. 7) in agreement with our previous results [4] . However, after incubation at 37°C (and cooling back to 4°C for spectroscopic measurements) spin-labeled Ca-ATPase from both young and aged SR demonstrates increased spectral intensity and associated line-shape changes, indicative of decreased rotational motion (Fig. 8) . These spectral changes are particularly apparent in the low-and high-field regions. Effective rotational correlation times were estimated from line-shape changes using reference spectra obtained from spinlabeled hemoglobin (see Section 2) . From both the effective rotational correlation times and the spectral changes shown in Fig. 7 , it is apparent that the overall protein rotational mobility of the Ca-ATPase decreases during heat treatment for SR from both aged and young muscle, but that the Ca-ATPase from aged tissue exhibits a greater loss of protein mobility for the same time of heating relative to that for protein from young muscle. For example, the Ca-ATPase from aged muscle exhibits a 45 _+ 3% loss of protein rotational mobility after 6.5 h of heat treatment compared to a 12 _+ 8% loss for protein from young muscle. For other times of heat incubation this trend was also observed; samples from aged 
Protein Mobility Fig. 8 . Correlation between protein rotational mobility of the Ca-ATPase and calcium-dependent ATPase activity in SR membranes isolated from young (circles) and aged (triangles) rat skeletal muscle after various times (0-10h) of incubation at 37°C. Protein rotational mobility is plotted as the ratio of the correlation time calculated from the low field line shape of a heat incubated sample relative to that of an unheated control sample. Likewise, Ca-ATPase activities of samples are normalized relative to unheated controls. Correlation coefficients between protein rotational mobility and Ca-ATPase activity are 0.88 + 0.10 and 0.93 + 0.11 for young and aged samples, respectively.
protein (Fig. 8) showed a greater loss of protein rotational mobility, with an average protein mobility of 0.67 _+ 0.06; young samples exhibited an average protein mobility of 0.89 + 0.03. Despite differential effects of heat treatment on protein mobility, there were identical and good correlations, regardless of age, between the loss of Ca-ATPase mobility and its inactivation (p = 0.002) (Fig. 8 ) consistent with the functional requirement of this protein for a high degree of protein rotational mobility within the plane of the membrane [ 18, 27, 30, 31 ] . Since rotational diffusion of a membrane protein is sensitive to both membrane viscosity (i.e., acyl chain dynamics) and the size of the rotating unit within the membrane [32] , parallel measurements showing that fatty-acyl spin probe dynamics are unaltered with age or heat incubation (Fig. 6(C) and (F) ) allow the observed decreases in Ca-ATPase rotational diffusion to be interpreted in terms of increases in the size of the membrane-spanning domain of the protein. In order to appreciate the magnitude of this change, extrapolation from the data in Fig. 8 indicates that complete inactivation correlates with an average increase in protein radius of approximately two, suggesting self-association of the Ca-ATPase. This suggestion is supported by previous measurements that demonstrate the same dependence of enzymatic activity on protein rotational mobility when protein mobility was altered by specific chemical crosslinking of Ca-ATPase polypeptide chains [33] . The absence of any SR proteins in amounts stoichiometric to the Ca-ATPase would further rule out the possibility that the observed protein association involves proteins other than the Ca-ATPase. Since the functional unit of the Ca-ATPase has been postulated to be a monomer or dimer [31] , complete heat inactivation may correlate with average aggregate sizes as large as tetramers. We note that effective rotational correlation times measured by ST-EPR only allow relative changes to be measured rather than the precise radius of the rotating unit. Moreover, the extent of heterogeneity of the aggregate population, i.e., whether corresponding to discrete oligomeric units or to a distribution of heterogeneous aggregates, cannot be determined from these measurements. Nonetheless, these spin-label EPR measurements indicate that while aging results in no alteration in the average association state of the Ca-ATPase, the protein from aged muscle is characterized by an increased propensity for self-association when subjected to mild heating. That these heat-induced structural alterations persist after cooling to 4°C for spectroscopic measurements indicate that self-association is irreversible.
Proteolytic digestion of the Ca-ATPase
As a means to probe possible age-related changes in the tertiary structure of the Ca-ATPase that may result in its decreased heat stability, we measured the sensitivity of the Ca-ATPase to tryptic digestion. Of the numerous proteins present in isolated SR, the Ca-ATPase is selectively sensitive to tryptic digestion [34] . When rapid proteolysis of the SR is initiated by exposure to relatively high amounts of trypsin (trypsin: SR ratios (wt/wt) of 1 : 50), cytoplasmically derived peptides are generated that remain in the supernatant after centrifugation of vesicles. Initial rates of proteolysis were evaluated from the measurement of supernatant protein or fluorescent amines (see Section 2) . Measurements of eight different paired preparations demonstrate that the initial rate of proteolysis is 16_ 2% more rapid in SR from aged animals (p = 0.003) (Fig. 9 ). These rate differences are consistently observed during the initial release of peptides, involving the proteolytic digestion of approximately 10% of the total protein. Further tryptic digestion occurs at comparable rates for SR isolated from young and aged tissue. Thus the age-related increased proteolytic sensitivity for a small fraction of the 93 cytoplasm tryptic sites of the Ca-ATPase suggests an increase in exposure (unfolding) of a localized region of the protein. Further evidence for this suggestion comes from the unchanged nanosecond motion of the bound maleimide spin label (Fig.  7) ; global protein unfolding would be expected to result in more rapid nanosecond motion of the maleimide probe detectable by conventional EPR. Upon heat incubation the differences in initial rates of tryptic digestion are amplified, suggesting further unfolding of a portion of the cytoplasmic domain of the Ca-ATPase (Fig. 10) . The time course of changes in initial rates of tryptic digestion for the SR CaATPase from young muscle is biphasic; during the initial 2 h of heat incubation there is either no change or a small decrease in tryptic susceptibility before the subsequent onset of rapid increases in rates of tryptic digestion. In contrast, the SR Ca-ATPase from aged muscle exhibits immediate and rapid increases in tryptic digestion, at a rate that is over two-fold greater than that of the rapid inactivation step of young samples suggesting more rapid unfolding of protein from aged muscle. All data relating to the tryptic susceptibility of the Ca-ATPase during heat treatment correlates well with Ca-ATPase activity having correlation coefficients of 0.965 (p = 0.002) and 0.994 (p = 0.006), respectively, for samples from young and aged muscle.
Discussion
Summary of results
In this study, we have identified alterations in Ca-ATPase conformation and characterized the structural basis for the decreased functional stability of the SR Ca-ATPase in aged skeletal muscle. Further, we have been able to rule out, as contributing factors, age-related alterations in protein expression levels and extensive protein modifications that would alter either binding of the Ca-ATPase to SDS or its migration on SDS-PAGE. The observed increase in functional lability exists in the absence of diminished Ca-ATPase function, i.e., calcium transport, ATP hydrolytic activity, and phosphoenzyme formation, as assayed under optimal conditions (Table 1 and Fig.  3 ). The time-dependent and irreversible loss of activity accompanying heat incubation does not result from proteolysis of the Ca-ATPase as evidenced by (i) the lack of correspondence between the relatively minimal protein fragmentation (Fig. 4) and the early onset of significant heat inactivation in vesicles (Fig.  3) , and by (ii) the absence of altered inactivation rates in both vesicles and micelles when proteolysis is curtailed with protease inhibitors. Inactivation in vesicles is accompanied by both decreasing rotational mobility of the Ca-ATPase without altered fatty acyl chain dynamics (Figs. 6 and 7) and increasing initial rates of tryptic digestion (Figs. 9 and 10), indicating self-association and unfolding, respectively, of individual Ca-ATPase polypeptide chains. Both of these structural alterations have been shown to inhibit transport activity of the Ca-ATPase [ 18, 30, 35] .
However, the Ca-ATPase would appear to exhibit greater sensitivity to small decreases in protein rotational mobility than to unfolding of its native conformation, as evidenced by the observation that CaATPase protein from aged muscle exhibits a more solvent exposed conformation relative to that in young tissue without loss of enzymatic activity (Figs. 3 and  9 ). On the other hand, as observed here, as well as in previous studies, Ca-ATPase function is sensitive to even small changes in lipid and/or protein structure that alter Ca-ATPase rotational mobility [18, 27, 30, 31] . The apparent insensitivity of CaATPase activity to age-related changes in its folding pattern may be related to the observation that proteolytic rates differ only for the tryptic digestion of the initial 10% of the protein, suggesting that only a limited region of the cytoplasmic domain is conformationally altered. Future work should focus on identification of the protein sequence(s) involved in these critical structural alterations.
Structural changes accompanying inactivation
The age-related structural alterations that are characterized by increased tryptic susceptibility may be responsible for the rapid and immediate inactivation observed for the Ca-ATPase in aged skeletal muscle in contrast to the delayed inactivation in SR from young tissue. Increased solvent exposure of specific amino acid sequences within the Ca-ATPase from aged muscle may promote further unfolding of the cytoplasmic domain upon heating. Although exposure of this region alone is not sufficient to promote self-association of the Ca-ATPase, in the absence of heating, further unfolding of the protein structure coupled with an increased collisional rate of CaATPase polypeptide chains within the plane of the membrane may explain the aggregation and loss of enzyme activity. In contrast, for protein from young muscle, the initial 2 h of heat incubation may promote structural transitions that destabilize the protein and overcome the energy barrier to further inactivation. However, while plausible, this model cannot be confirmed due to the inability of these experiments to kinetically resolve these two processes. The good correlation between the loss of protein rotational mobility and unfolding with Ca-ATPase inactivation suggest that both processes play an important role in the observed inactivation.
Role of lipid structure
In addition to the age-related protein structural alterations, we have previously described a number of small changes in lipid composition of SR from aged muscle [4] . Even small differences may result in significant effects on protein structure and function if the abundance of essential phospholipids directly interacting with the Ca-ATPase is altered. However, the Ca-ATPase has shown neither a functional requirement nor different binding affinities for any particular phospholipids with respect to headgroup structure or fatty acyl chain unsaturation [36, 37] . Consistent with these results we have observed no effect on the fatty acyl chain dynamics of both bulk and protein-associated lipids as a result of age [4] . In the present study, we also observe that these changes have no effect on lipid dynamics after heating (Fig.  6 ). Thus the possibility that either age or heating results in the accumulation of lipid peroxides can be ruled out since these have been shown to result in marked disordering of the lipid bilayer [38] . Another critical aspect of lipid-protein interactions, not previously considered, involves mismatch between the hydrophobic surface of membrane-spanning proteins and lipid fatty acyl chains as a result of altered bilayer thickness. Model studies have demonstrated that such lipid-protein mismatch has little effect on lipid dynamics, but that even as little mismatch as two carbons in fatty acyl chain length results in substantial Ca-ATPase aggregation [26] . The lack of increased Ca-ATPase association in aged muscle before heating suggests that the observed age-related changes in lipid composition of SR membranes do not contribute to significant changes in bilayer thickness at the lipid-protein interface. Rather, these compositional changes which accompany aging are likely to be largely compensatory in order to maintain the bilayer fluidity and Ca-ATPase rotational mobility that provides optimal calcium transport activity.
Physiological releuance
From the present experiment using SR membranes derived from a mixture of fast-and slow-twitch fibers characteristics specific to the 8-9% slow twitch (SERCA2a) isoform of the Ca-ATPase cannot be distinguished from those of the predominant fast twitch (SERCA1) isoform. However, experiments with preparations enriched in the slow twitch isoform indicate that this isoform, too, undergoes a loss of heat stability with age (unpublished observations). Thus the conformational features that we have described are likely to be a universal feature of both Ca-ATPase isoforms in skeletal muscle.
The conformational and functional changes in the Ca-ATPase associated with aging are comparable to a number of other proteins from aged tissues which have been previously characterized (reviewed in [39] [40] [41] ). Proteins from aged tissues have been found to be associated with a variety of defects, including altered expression levels or elevated concentrations of conformationally altered enzymes with diminished enzymatic activity, heat stability, or regulatory properties. These alterations include such post-translational modifications as phosphorylation, acylation, deamidation, glycation, oxidation and covalent cross linking. Of these, we suggest protein oxidation as a possible candidate as an underlying mechanism of this increased heat lability, based on model studies demonstrating the sensitivity of this protein to oxida-tive modification and the ability of at least one oxidant to simulate increases in both heat lability and proteolytic susceptibility as observed in aging [42] [43] [44] . In addition, we have reported the increased accumulation with age of oxidative modifications that result in thiol modification and carbonyl derivatives within the Ca-ATPase [45] . The repair of the latter modifications would require degradation and resynthesis of the modified proteins which has been suggested to be decreased with aging thus resulting in an accumulation of conformationally defective CaATPase proteins in aged muscle [46] . Although cellular conditions are likely to promote greater protein stability than that observed under in vitro conditions, the potential loss of optimal function in vivo, especially in light of the tissue heating that skeletal muscle experiences with even moderate activity (temperatures up to 41-43°C), may contribute to the longer relaxation times observed in skeletal muscle of aged individuals [47, 48] .
